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ABSTRACT

Satellite remote sensing offers a convenient way to monitor changes in the thermal
budgets of Earth’s subaerially active volcanoes. By using data acquired by the National
Aeronautics and Space Administration’s Moderate Resolution Imaging Spectro-radiometer,
we have calculated the amount of heat released into the atmospher e by 45 volcanoes active
during 2001 and 2002, in order to quantify the contribution active volcanism makes to
Earth’s energy budget. We report that the amount of heat radiated into the troposphere
by these volcanoes, as detected from space, was ~5.34 x 1016 and 5.30 x 106 J/yr during
2001 and 2002, respectively. This energy flux is three orders of magnitude less than the
amount of energy consumed by the United States of America for residential, manufactur-
ing, and transportation purposes during 1999.
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INTRODUCTION

During the 1990s an average of 60 volca
noes erupted each year, ~20 of which were
erupting on any given day (Simkin and Sie-
bert, 2000). Some of these, such as Erta Ale
in Ethiopia, are persistently active, whereas
others, such as Pacaya in Guatemala, erupt
more sporadically. Satellite remote sensing of-
fers the possibility to document quantitatively
the amount of thermal energy released from
all of Earth’'s subaerially active volcanoesin a
systematic way (Glaze et al., 1989). By using
data from Earth-orbiting satellites, several
studies have documented the radiant flux from
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individual volcanoes and have used this infor-
mation to characterize eruptive behavior and
identify eruptive patterns (e.g., Oppenheimer
et al., 1993; Wright et al., 2002a). However,
such studies have often been experimental and
intermittent or, when carried out in a more
systematic manner (e.g., Dehn et al., 2000),
restricted to particular areas of the globe. As
a result, a complete inventory of the global
volcanic heat flux into the atmosphere has yet
to be obtained.

The MODVOLC agorithm (Wright et al.,
2002b) uses data from the National Aeronau-
tics and Space Administration’s Terra Moder-
ate Resolution Imaging Spectro-radiometer
(MODIS) sensor to detect and map the global
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distribution of volcanic surface thermal anom-
alies in near-real time (http://modis.higp.
hawaii.edu). Through the use of this system
we have estimated the total amount of thermal
energy released into Earth’s atmosphere by 45
volcanoes identified as being in a state of
thermal unrest during 2001 and 2002 (Fig. 1;
Table 1).

METHOD

For each MODI S pixel identified as contain-
ing a volcanic heat source (Fig. 1, inset), the
algorithm reports the date and time of obser-
vation, the geographic location, the satellite ob-
servation geometry, and the spectra radiance
emitted by the pixel in five spectral wavebands.
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Figure 1. Daily variation in total heat radiated from 45 active volcanoes listed in Table 1, during 2001 and 2002. Months
abbreviated on x axis. Inset: Subset of MODIS 3.959 um image (band 21), acquired on night of 10 February 2001, of lava
flow eruption at Nyamuragira volcano, Democratic Republic of Congo. Bright pixels contain active lava flows, presence
of which elevates emitted 3.959 wm spectral radiance substantially above that recorded for adjacent image pixels that
do not contain active lava. MODVOLC algorithm automatically detects such hot-spot pixels.
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TABLE 1. HEAT RADIATED BY 45 VOLCANOES ACTIVE DURING 2001 AND 2002 (X 10*® Jlyr)

Volcano 2001 2002 Volcano 2001 2002 Volcano 2001 2002
Ambrym 1.26 3.14 Karymsky 1.33 Piton de la Fournaise 1.71 2.47
Arenal 0.37 0.23 Kavachi 0.03 Popocatépetl 0.71 0.79
Bagana 0.62 0.92 Kilauea 13.00 12.20 Rabaul 0.36 0.29
Belinda 0.06 0.91 Krakatau 0.27 * Reventador * 0.18
Bezymianny 0.33 0.02 Langila 0.32 Santiaguito 1.09 0.95
Big Ben 0.01 * Lascar 0.44 0.52 Semeru 0.72 1.10
Cleveland 0.07 * Lopevi 0.16 * Shiveluch 2.08 2.64
Colima * 0.97 Manam 0.34 Soufriere Hills 1.80 3.87
Dukono * 0.07 Mayon 0.30 * Stromboli * 0.47
Erebus 0.60 0.68 Merapi 2.13 0.49 Suwanose Jima * 0.01
Erta ‘Ale 2.24 2.47 Michael 0.37 0.55 Tinakula 0.16 *

Etna 7.93 3.60 Nyamuragira 13.30 4.68 Tungurahua * 0.63
Fuego * 2.74 Nyiragongo 1.71 Ulawun 0.09 *

Ibu 0.20 * Pacaya 0.01 * Villarrica 0.06 *

Karangetang  0.78  0.14  Pago 1.11  Yasur 020 0.77

*No thermal activity detected by the MODVOLC algorithm during this year.

The spectral radiance emitted by the hot-spot
pixel at 3.959 um can be converted to an es-
timate of radiative power loss from that pixel
(Ef in MW) by using the following approxi-
mation (Kaufman et a., 1998):

Ef =434 X 10719(Tgh - Tgb) (1)

Here, T4, (in K) is obtained by converting the
measured 3.959 pm hot-spot pixel radiance
value to temperature, T, by using Planck’s
blackbody radiation law, and Ty, is the tem-
perature of the ground surrounding the vol-
canic heat source obtained from pixels sur-
rounding the hot-spot pixel.

Equation 1 was developed to determine ra-
diative power output from vegetation fires and
isabest fit to many thousands of hypothetical
subpixel surface-temperature distributions
(i.e,, flaming and smoldering fires covering
varying amounts of the 1 km MODIS image
pixel). However, the temperature distributions
upon which equation 1 is based are directly
analogous to the observed surface-temperature
distributions of active lava features, whereby
lavas of varying ages, and hence temperatures,
cover varying proportions of the image pixel.

We calculated E; for each hot-spot pixel, on
each day, for each volcano listed in Table 1.
T4n Was obtained primarily by using band 22,
which has a higher radiometric precision than
band 21 (0.07 K and 2.0 K, respectively).
However, when the emitted radiance exceeded
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the upper measurement limit of the band 22
detectors, band 21 data were used. Band 21
has a much larger radiometric range (to 500
K; cf. ~340 K for band 22).

Although Kaufman et al. (1998) calculated
T4 from the 3.959 pwm radiance emitted by
pixels surrounding the hot-spot pixel, MOD-
VOLC only records the spectral radiance
emitted by the hot-spot pixels. However, it can
be shown (Wright et al., 2002b) that the band
32 (12.02 um) temperature of the hot-spot
pixel, which MODVOLC records, can be used
as a proxy for Ty, For example, a thermally
homogeneous 1 km MODIS pixel radiating at
300 K emits 0.4 and 9.5 W-m-2.gr-1.yum-1 at
3.959 and 12.02 pm, respectively. However,
whereas an active lava body radiating at 850
K and occupying 0.05% of this pixel causes
the emitted radiance to increase by >200% at
3.959 wm, emission at 12.02 pm increases by
<1%. Thus, the band 32 radiance emitted by
the hot-spot pixel can be used to obtain a
proxy for T,y if the subpixel-sized hot spot is
small. As the size of the volcanic hot spot
within the pixel increases, this assumption be-
comes less valid. Thus, we used the lowest
temperature recorded by band 32 at each vol-
cano during each month, which represents the
least hot-spot—contaminated band 32 temper-
ature in the data set and compensates for sea-
sonal variations in background temperature.
We only considered hot spots observed at
night, as these observations are uncontami-
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Figure 2. Radiative power loss from Erta ‘Ale’s lava lake during 2001 and 2002.
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nated by solar-reflection and solar-heating
effects.

To assess the accuracy of egquation 1 we can
compare in situ estimates of E; made at Erta
Ale volcano with estimates made from the
MODIS hot-spot data and the methods de-
scribed herein. Field measurements of lava-
lake area and surface temperature in February
2001 (Oppenheimer and Yirgu, 2002) indicate
radiative heat losses in the range 74—152 MW,
consistent with those calculated from the
MODVOLC data by using equation 1 (Fig. 2).
The range of E; that we calculate for Erta Ale
during 2001 and 2002 (13-330 MW) is aso
consistent with that calculated by others (11—
400 MW) from thermal analysis of high-
spatial-resolution Landsat Thematic Mapper
satellite data using different methods (Glaze
et al., 1989; Oppenheimer and Francis, 1997,
Harris et a., 1999).

For lava bodies that occupied more than
one MODIS image pixel, E; was summed for
each pixel to give the total radiated power in
MW at the moment of MODIS overpass. As-
suming this to be the average value for that
particular day, we obtained the radiative en-
ergy loss in Jd (d = day). We then numeri-
caly integrated this energy flux with respect
to time (by using trapezoidal summation) to
determine the total energy emitted by each
volcano in each of the two years (data pre-
sented in Jyr; Table 1).

RESULTS AND DISCUSSION

Figure 3 shows how the thermal budgets of
four volcanoes with contrasting eruption
styles varied during 2001, calculated by using
equation 1 and the methods described herein.
Erebus, Antarctica, and Kilauea, Hawaii, are
both, at present, persistently active, athough
the amount of heat radiated varies greatly. At
Erebus, thermal emission is restricted to that
from alavalake 5-15 m in diameter (Aster et
al., 2003), whereas activity at Kilauea com-
prises the emplacement of numerous pahoe-
hoe lava flows from the active Pu‘u ‘O o vent,
over an area of several square kilometers. The
persistent nature of the activity at both of
these volcanoes is reflected in the long-term
thermal budgets, whereby short-term varia
tions in radiated energy are superimposed on
amore stable base line. These thermal budgets
contrast markedly with those observed at
Mount Etna, Sicily, and Popocatépetl, Mexico.
Activity at Etnais characterized by prolonged
periods of summit-crater activity on which are
superimposed more voluminous effusive flank
eruptions. Variations in power output detected
from space during 2001 constitute a perfect
example of this, whereby low levels of emit-
ted energy produced by Strombolian eruptions
and small lava flows at the summit increased
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Figure 3. Radiative power loss from Erebus,
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Kilauea, Etna, and Popocatépetl during 2001.

Note different scales of ordinates. As we only use nighttime data in our analysis, data gaps
exist between late October and mid-February at Erebus, during Antarctic summer.

gradually until 13 July 2001, when lava flows
to 5 km long erupted from the southern flank
of the volcano. Activity at lava dome-forming
volcanoes can be distinctly cyclic (Denliger
and Hoblitt, 1999), and since its reactivation
in 1994, activity at Popocatépetl has been
characterized by cycles of growth, and then
explosive destruction, of at least 10 dacitic
lava domes. Two of these cycles are depicted
in Figure 3.

The total amount of heat radiated by the 45
actively erupting volcanoes detected by
MODVOLC during 2001 and 2002 was 5.34
X 106 and 5.30 X 106 J/yr, respectively. Al-
though the base-line level of radiative energy
output is fairly constant over the 2 yr period,
at alevel below ~8 x 1013 Jd, individual
effusive eruptions have a substantial impact
on the overall pattern of therma emission
(Fig. 1). In 2001, eruptions at Nyamuragira,
Democratic Republic of Congo, in March, and
Etna, in July and August, radiated almost as
much energy into the atmosphere (~40% of
the total) as the other 30 volcanoes combined
(Table 1). Similarly in 2002, the July eruption
of Nyamuragira, the two eruptions of Piton de
la Fournaise, Réunion Island, in January and
November, and the prolonged flank eruption
at Mount Etna that began on 26 October and
continued into 2003, are conspicuous (Fig. 1).

These eruptions al involved the emplace-
ment of extensive (5-20 km long) ‘& abasaltic
lava flows. The ‘a a morphological type often
advances as a single unit of lava encased with-
in a continuously rupturing outer crust. Al-
though lavais arelatively poor conductor, the
cracks in this crust alow heat from the flow
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interior (which is close to the lava's eruption
temperature) to be lost at a high rate. Thisis
in contrast to pahoehoe lavas, which lose heat
at a lower rate during emplacement due to
their relatively undisrupted, and insulating,
outer skins. For example, the ‘a'a lava flows
emplaced during the March 2001 eruption of
Nyamuragira radiated more energy in 35 d
(1.33 X 10%6 J) than the pahoehoe flows erupt-
ed at Kilauea did during the entire year (1.30
X 1016 J). To place thisin a historical context,
it is estimated that the famous 1783 fissure
eruption of Laki, Iceland, released ~5 X 102
J of thermal energy during 8 months of effu-
sive activity (Pyle, 2000).

Comparisons can aso be made between
volcanoes characterized by other eruption
styles. During 2001 and 2002 the lava dome
growing at Soufriére Hills volcano, Montser-
rat, radiated substantially more heat than the
Santiaguito dome, which has been active at
Santa Maria volcano, Guatemala, since 1922.
This difference can be attributed to a combi-
nation of generaly higher lava eruption rates
at Soufriere Hills (in the range 0.5-11 m3-s-1
since 1995 [Watts et al., 2002]; cf. ~0.2-2.1
m3.s-1 at Santiaguito [Rose, 1987]), and a dif-
ference in emplacement style, which has been
historically endogenous at Santiaguito (Rose,
1987), but both endogenous and exogenous at
Soufriére Hills (Watts et al., 2002).

These heat-loss estimates ignore the contri-
bution made by convection. Even when mea-
surements of lava surface temperature can be
made, heat loss via convection is difficult to
constrain as it depends heavily on the pre-
vailing wind speed and surface roughness,

which are invariably unknown. However, the-
oretical (Head and Wilson, 1986; Neri, 1998)
and empirical (Oppenheimer and Yirgu, 2002;
Wooster et al., 1997) studies indicate that con-
vective heat loss from active lava bodies may
be equivaent to between 30% and 75% of the
corresponding radiative power loss. By using
this multiplication factor, the total volcanic
heat-energy input (radiative and convective)
into the atmosphere from the volcanoes listed
in Table 1 may have been as high as ~9.0 X
10%6 Jin both 2001 and 2002.

Quantifying the thermal budget of a volca-
no can provide insights into how some, such
as Erta Ale, can remain persistently active in
terms of volatile and thermal emissions while
erupting relatively little lava (Oppenheimer
and Francis, 1997). Following Francis et al.
(1993), we assume that the magma that cools
to produce the measured surface heat flux be-
comes thermally isolated from the remaining
melt and is emplaced either as dikes (model
1) or cumulates (model 2). The mass of mag-
ma needed to balance thermal losses is given
by Q/(LAf + cAT), where Q is heat loss (J),
L is latent heat of crystallization (4.2 X 10°
Jkg1), and c is specific heat capacity (1.0 X
103 Jkg 1K-1). The AT (cooling interval)
and Af (mass fraction of crystallization) vary
by model and have respective values of 50 °C
and 0.25 (modédl 1; dikes) and 400 °C and 1.0
(model 2; cumulates). By using this model,
our data indicate that, during 2001, the
amount of magma needed to balance the es-
timated thermal loss of 3.9 X 10 J from the
lava lake at Erta Ale (Table 1, including con-
vective heat flux at 75% of radiative heat |0ss-
es) was 2.6 X 1010 kg, if emplaced within the
edifice as dikes, or 4.8 X 10° kg, if cooled
and crystallized to a greater degree and em-
placed as cumulates at an average rate of be-
tween 150 and 800 kg-s 1. Assuming a mag-
ma density of 2700 kg/m3, this implies that a
volume of between 2 and 10 X 105 m3 of
magma moved through the system during
2001.

Volcanic thermal emissions constitute a di-
rect flux of heat into Earth's atmosphere. For
purposes of comparison, anthropogenic ther-
mal pollution can be estimated from energy-
use statistics (i.e., that energy used for light-
ing, space heating, manufacturing, and
transportation) by assuming that al energy
consumed is eventually converted to heat. The
total amount of volcanic heat energy released
into the atmosphere in each of our study years
(~9 X 106 J) is more than 3 orders of mag-
nitude less than the 1.01 X 102 J of energy
consumed by the United States in 1999 (En-
ergy Information Administration, 2001). Al-
ternatively, from our geographic perspective,
the amount of heat energy released by Kilauea
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volcano in each of these years (~2.28 X 1016
and 2.22 x 1016 J) is amost equivalent to the
total amount of energy consumed for residen-
tial purposes in the state of Hawaii during
1999 (2.42 x 106 J).

The heat-loss estimates we report are min-
imum estimates. Some volcanoes character-
ized by levels of activity, such as persistent
degassing or fumarolic activity, that fall below
the senditivity limit of our agorithm (see
Wright et al., 2002b, for details) also liberate
a quantity of heat that is not included in our
estimates. Although no Plinian eruptions have
occurred during the period we consider, quan-
tifying the thermal energy released during the
climactic phases of such an eruption would
also be unamenable to the techniques we de-
scribe because of their relatively short dura-
tion and the fact that most of the thermal en-
ergy is transferred by the rapidly cooling
plume.

CONCLUSIONS

Our results indicate a steady-state level of
volcanic heat input to the troposphere during
2001 and 2002, superimposed on which are
relatively large spikes attributable to large in-
dividual, and basdltic, effusive eruptions. The
1 X 108 J of thermal energy estimated to
have been released into the atmosphere by the
18 May 1980 eruption of Mount St. Helens
(Pyle, 2000) further illustrates how brief and
relatively infrequent explosive eruptions may
enhance the longer-term volcanic heat fluxes
we present here. We look forward to extend-
ing our current MODI S inventory, and mining
archival satellite data sets, to compile a more
extensive tempora baseline of global volcanic
energy output. An extended inventory, per-
haps spanning 15-20 yr, will alow us to
search for statistically significant variability in
the baseline energy flux of all of Earth’s active
volcanoes.
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